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Chapter  7 


Electron  Spectroscopic  Data 
for  High-Temperature  Superconductors 

David  E.  Ramaker 

Department  of  Chemistry,  George  Washington  University, 
Washington,  DC  20052 


An  interpretation  of  spectroscopic  data  for  the  high 
temperature  auperconductora  utilising  a  highly  correlated 
CuO«  cluster  model  shows  that  a  single  set  of  Hubbard 
parameters  predicts  all  of  the  state  energies.  Differences 
in  the  data  from  that  for  CuO  are  attributed  to  an 
increased  Cu-0  covalency  in  the  superconductors.  The 
reported  temperature  effects  are  attributed  to  increased 
metallic  screening  at  lower  temperatures. 


An  abundance  of  electron  spectroscopic  data  has  been  reported  for 
the  high  temperature  superconductors.  These  include  the  valence 
band  (VB),  Cu  2p,  and  O  la  photoelectron  (UPS  and  XPS)  data,  the 
LtiVV  and  LmMuV  Auger  (AES)  data,  the  O  X  and  Cu  L»  x-ray 
emission  (XES)  data,  and  the  O  K  and  Cu  Lu  electron  energy  loss 
(EELS)  and  x-ray  absorption  near  edge  structure  (XANES)  data. 
These  data  reflect  1-,  2-,  and  3-valence  hole  and  core-hole  density  of 
states  (DOS)  and  therefore  can  provide  direct  measures  of  the 
Hubbard  U  and  transfer  parameters.  Unfortunately,  this  data  has 
proved  to  be  difficult  to  interpret;  not  surprisingly  since  the  data 
for  CuO  is  not  even  well  understood. 

Recently  we  consistently  interpreted  these  data  within  a  cluster 
model  assuming  a  highly  correlated  system  (1,2).  Here,  we  review  the 
previously  reported  experimental  spectra  for  polycrystalline  and 
single  crystal  samples  of  Lai-,SriCuO«  or  YBa»Cu»Or-,  (herein 
referred  to  as  the  La  and  123  superconductors  (HTSC’s)),  and 
compare  them  with  CuO.  We  also  review  our  interpretation  of  this 
data.  Previously  unassigned  features  are  identified  and  some  are 
assigned  differently  from  that  given  by  others  (3).  We  also  obtain 
the  magnitudes  of  the  U  parameters.  Knowledge  of  these  magnitudes 
are  important  for  understanding  the  possible  mechanisms  involved; 
for  example,  the  resonating  valence  bond  (4),  exitonic  (5),  super- 
exchange  (6),  and  Coulomblc  (7)  pairing  mechanisms  depend  critically 
on  these  U's. 

The  basic  VB  electronic  structure  of  the  HTSC’s  can  be 
described  by  a  simple  LCAO-NO  (i.e.  tight-binding)  or  Hubbard  model, 
characterised  by  the  transfer  or  covalent  interaction  t,  the  Cu  and  O 


0097-6 1 56/8&0377-0084S06.00A) 

•  1988  American  Chemical  Society 


7.  RA  MAKER  Electron  Spectroscopic  Data 


85 


I 


orbital  energies  e*  and  cf,  the  intra-aite  Coulomb  repulsion  energies 
Ud  and  Uy,  and  the  intra-site  core  polarisation  energies  Q«  and  Qy. 
We  also  include  the  inter-site  repulsion  energies  U«y  and  Uyy*  (i.e. 
between  neighboring  Cu-0  and  0-0  atoms).  An  important  parameter 
is  the  difference  between  cy  and  c  r,  namely  A  =  cy-e«. 

All  of  the  spectroscopic  data  can  be  understood  within  a 
CuOa(,a*,>~  cluster  model,  which  is  valid  when  the  U’a  are  large 
relative  to  the  bandwidths  (8*9),  i.a.  when  correlation  effects  dominate 
covalent  or  hybridization  effects.  Both  La  and  CuO  contain  CuOy 
groups  (10),  having  4  short  and  2  long  Cu-0  bonds.  The  123  HTSC 
contains  CuOi  and  planar  CuOd  groups  (10).  The  different  n  may 
alter  the  relative  intensities  of  various  features  as  pointed  out  below, 
but  similar  features  are  present  in  each  case.  The  different  bond 
lengths  may  increase  the  widths  of  the  spectral  features,  but  little 
else  since  correlation  dominates. 

Although  relatively  isolated  CuOi  planes  exists  in  the  HTSC's, 
the  CuOy  clusters  are  not  isolated,  for  most  of  the  O  atoms  actually 
are  part  of  two  CuO*  clusters.  Consistent  with  previous  work  (7), 
we  account  for  this  by  defining  the  effective  parameter,  cy  =  ty*  + 
Uy.,  where  Uy*  includes  the  interaction  of  a  hole  in  an  O  p  orbital 
with  its  environment,  i.e.  with  the  neighboring  Cu  atom  or  cluster. 
If  for  example  each  of  the  neighboring  Cu  atoms  contains  a  hole  (we 
shall  see  below  that  this  is  essentially  the  ground  state),  Uy*  will 
equal  Uyy.  But  in  general,  Uy*  will  be  smaller  than  U«y  due  to 
polarization  of  the  lattice.  Throughout  the  remainder  of  this  work, 
Cy  is  assumed  to  include  this  effect. 

Since  Cu  atoms  have  the  electronic  configuration  3d*»4s*  and  O 


the  configuration  2s*2p*,  the  CuO*<,a'*>-  cluster  haa  one  hole 
shared  between  the  Cu  3d  and  0  2p  shells  in  the  ground  state.  The 
various  spectroscopies  then  reflect  either  v*-,  v*-,  c-,  or  cv-  hole  (c 
=  core  hole,  v-  valence  hole)  states  aa  indicated  in  Table  1.  We 
indicate  the  location  of  the  holes  by  d  (Cu  3d)  or  p  (O  2p).  In  thy1 
case  of  two  holes  on  the  oxygens,  we  distinguish  two  holes  on  the 
same  O  (p1),  on  ortho  neighboring  0  atoms  (pp»),  or  on  para  O  atomki 
(pp»)  of  the  cluster.  Furthermore,  neighboring  pp*  holes  cai\ 
dimerize  (11-13),  so  we  distinguish  between  two  holes  in  bonded 
(pp*t>)  and  antibonded  (pp*»)  0  pairs,  i.e.  the  same  or  different  Oi 

dimers.  Both  the  doped  La  and  123  materials  contain  additional  holes 
which  serve  as  the  charge  carriers,  and  some  spectroscopies  reflect 
these  directly. 

Table  1  contains  the  estimates  of  the  Hubbard  parameters  which 


together  provide  the  best  agreement  with  the  state  energies  as 
reflected  in  the  Bpectra  and  the  theoretical  DOS.  The  energies 
relative  to  the  ground  Btate  are  given  in  terms  of  the  Hubbard  c  and 
U  parameters  defined  above.  The  agreement  of  the  estimated 
energies  with  the  spectral  features  is  also  shown  in  Table  1.  We 
discuss  the  assignment  of  the  spectral  features  below. 


The  Theoretical  DOS 


The  v  states  are  best  reflected  by  the  highly  accurate  theoretical  - 

DOS  (14),  which  for  the  HTSC’s  can  qualitatively  be  described  as  'des 
having  the  Cu-0  bonding  (  +  y)  ahd  antibonding  (+«)  orbitals  centered 
at  4  and  0  eV  and  the  nonbonding  Cu  and  0  orbitals  at  2  eV.  The  0 
features  each  have  a  width  2I~  :  4  eV  due  to  the  0-0  bonding  and 
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TABLE  I  Summary  of  hole  states  revealed  in  the  spectroscopic 
data,  and  estimated  energies  using  the  following  optimal  values  for 
the  Hubbard  parameters  in  eV*: 


«i  =  2 

c<  =  2 

Up  =  12,  13 

U«  =9.5,10.2 

it  =  0 . 5 ,0. 8 

c  p  =  2,  3 

U,»»  =  4.5,  * 

U«,  =1 

r  =  2 

Up  p  r  =  0. 

Ue  * •  =  2 

Q«  =9 

a  =1,0.5 

0  =  2 

A  =  0,  1. 

K=  4 

State * 

Energy  expression 

Calc.  B. 
eV«  >  * 

Exp.  E. 
eV«. 

Remark 

Q.S . 

and  1PBS,  v 

+  .)  d 

tj  -  j,  *  r 

0  *  2 

- 

Iheavily 

+  *)  p 

c,  ♦  «i  *  r 

4  *  2 

- 

J  nixed 

UPS  ; 

and  XBS .  v* 

1 ) *  pp* 

Cp  +  A-  Ap  +  a 

2.5 

2.5 

Theavily 

2)  •  dp 

c  |  4  U 4  p  s  +oc 

4.5 

4.2 

J  nixed 

3)  pp*. 

c  .4  A  4Upp*  -r+a 

5.5 

5. 

4)  pp*» 

tp+  A  lUfi*  4-r+oc 

9.5 

9.5 

mystery 

peak 

5)  d* 

c  *  4  U*  4  ei 

12.5 

12.5 

Cu  sat. 

6)  p* 

Cp4A4U*4a 

15 

16 

Cu  2p  XPS,  cv 

d  -*  cp 

e «  4  A  4  a 

it  4  1 

Eip 

nain 

cd 

c*  4  Q«  4  ct 

c*  4  10 

Eip49.2 

sat . 

Cu  2p  XPS  for  NaCuOi.  pp*  »  cv* 

pp*-»cpp* 

t c  4A I  ♦  0 

c  e  4  2.5 

c  e  +  2-2 

nain 

cpp*. 

c  c+Upp *-r*A  p+0 

c  e  4  4.5 

c  c+5 

7 

cpp** 

C  e*Upp*  +  r+A ,40 

c  e  +  8.5 

c  *49 

7 

cdp 

c c-A+Qp+UpptAj+0 

c«  411.5 

c  *41 1 

sat. 

cp* 

C  .4Up4 A  .40 

c  c  4 1 5  *  5 

c  *4 1 4 

sat.  ? 

O  la 

XPS.  cv 

d  -*  cd 

c  c  4  a 

C  e  4  1 

Ei. 

nain 

cp* 

c  .  4  A  4  a 

e  «  4  1 

Ei. 

main 

cp* 

(c  4  A  4  Uep*  to 

c  c  4  3 

Ei. 42  ? 

tail 

cp 

ce  t  A  +  Q,  ♦  a 

? 

? 

not  obs. 

pp*-»cdp* 

c«— A  +UII+  <5 1  ♦A 

C  C  4  3  e  5 

Ei. 42  ? 

tail 

Cu  LtW  AES,  v* 

dpp* 

2c  9  4  2U«,  4  oi 

7 

7 

2  cent. 

dpp* 

2c i^Up|942U|f4o 

11.5 

- 

no  mix 

d*p 

t |4t ,4U«42U«,-A »+a 

16 

15.5 

nain 

dp* 

2c  ,+U»+2Ui  i+d  i4oi 

19.5 

18-25 

sat . 
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TABLE  t  (cont.) 


State* 

Energy  expression 

Calc.  E. 
eV«.‘ 

Exp.  E. 
eV* 

Remark 

Cu  LiHtiV  AES,  cv« 
cdp  c e+c .+Q.+U. ,4K4o< 

C  C  49 

Ei, 410 

main, 'L 

cp* 

c(  4c ,  4A  +U ,  4  a 

c  .417 

c  c+15 

Ei, 418 

main , >L 
"lnot 

cd‘ 

C c-c «+U«+2Q<  4a 

G  e  +  30 • 5 

Jobs . 

d  - 

Cu  J 
c 

L  t j  BBLSj  c 
c  c  -Cd  ♦  <5 1 

Ei  ,-l 

Ei, -1.4 

edge 

cpCB 

c c  4  A  -CB  4  a 

E  i  ,-CB 

upper 

pp» 

■*  cp 

Ct  -c,  4  d,  4  fi 

Ei  ,-0 . 5 

Ei, 

middle 

d  -* 

OK 

c 

EELS,  c 
c  *  -e  4  4  6  i 

E,.-t 

Ei. 

edge 

cdCB 

c  c  -  CB  4  a 

E  i  ,-CB 

E.,41.7 

upper 

pP» 

-*  cd 

c e - A  — c  p  t  +0 

E  i  * -0 • 5 

• 

not  obs. 

•Parameters  for  123  indicated  first,  those  for  CuO  second. 

•The  dominant  character  in  the  hybridized  states  is  given. 
cThe  Calc.  E  and  Exp.  E  columns  indicate  the  results  for  123,  except 
for  the  "Cu  2p  XPS,  pp»  -*  cv>"  section,  which  is  for  NaCuOi. 
dThe  calculated  E  is  defined  relative  to  the  ground  v>  (d)  state 
energy  s  c«  -  a,  or  to  the  v*  (pp»)  ground  state  energy  r  2c,-di- 
6.  The  v>(d)  energy  defines  the  Fermi  level  relative  to  the  vacuum 
level  at  zero, 

•The  dominant  character  switches  as  described  in  the  text,  and  thus 
the  sign  in  front  of  di  is  the  opposite  for  CuO. 
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antibonding  character  and  the  Cu-O  dispersion.  The  +»  and  +« 
wevefunctiona  can  be  expressed  as  (8,9), 

+•  =  d  coadi  -  p  alndi 

+%  =  d  aindi  4  p  coed, 

where  di  2  0.5  tan*‘(2t/A).  ■  We  also  define  the  Cu-0  hybridization 
shift  6 1  s  0.5  sqrt(A*44t*)  -  A/2,  which  ia  utilized  in  Table  1  to  give 
the  energies.  In  this  picture,  the  ground  state  of  an  average  CuO, 
cluster  ia  located  at  1  eV  having  the  energy  c«-4  ,+r/2  =  ei-a,  which 
we  use  as  a  reference  energy  for  all  of  the  higher  v»  states. 
Similarly,  the  inverse  photoemission  data  (e.g.  dee  Pig.  4c),  which 
reflects  the  unoccupied  v  DOS,  gives  a  feature  at  t  t-6  i-r/2  2  -1 
eV,  due  to  the  simultaneous  Cu-O  and  0-0  antibonding  orbitals. 
Above,  a  is  the  average  hybridization  energy  shift  in  the  ground 
state  of  a  CuO»  cluster.  We  ignore  the  0-0  hybridization  shift  for 
all  of  the  excited  states,  except  for  the  pp*  states,  where  it  is  large. 

The  DOS  for  CuO  is  in  fact  less  well  characterized  than  for  the 
HTSC’s  theoretically,  but  generally  the  hybridization  shift  r  is 
smaller  because  of  the  larger  0-0  distances,  and  we  shall  see  below 
that  Asc*-e«  has  increased  to  1  eV.  This  increase  can  be  attributed 
to  an  increase  in  c„  or  U*>,  and  reflects  a  smaller  lattice 
polarization  response  due  to  the  more  ionic  character  in  CuO. 

The  VB  UPS  and  XP3  Data 

The  photoemission  process  involves  excitation  from  the  v  to  the  v* 
states.  The  six  different  v*  states  in  Table  1  have  a  large  energy 
apread.  States  1,2,5  k  6  have  the  same  symmetry  and  mix  together; 
unfortunately,  the  result  cannot  be  given  simply  in  analytical  form  as 
above.  The  two  pp*  states  (3  k  4)  have  different  symmetry  and  mix 
separately.  Only  states  l  k  2  and  3  A  4  are  heavily  mixed  so  that 
they  are  the  only  ones  to  experience  a  significant  hybridization  shift, 
6 1  and  P,  as  shown  in  Table  1.  The  sudden  approximation  and  the 
cross-sections  for  ionization  from  the  O  2p  and  Cu  3d  shells,  o*  and 
<?«,  can  be  utilized  to  give  the  expected  relative  photoemission 
intensities  for  the  six  v*  states.  o9  and  at  are  known  to  be 
approximately  equal  around  40  eV,  with  o«  larger  above  thiB,  and  o , 
larger  below  this  energy  (i.e.  e>/<?«  is  roughly  2.  for  21  eV,  1.  for 
45,  and  0.3  for  100  eV  photons  (14)).  The  photon  dependence  of  the 
UPS  data  can  be  understood  from  the  variation  in  the  cross-sections, 
and  from  the  realization  that  at  low  photon  energies,  the  Budden 
approximation  breaks  down.  The  opposite  extreme,  the  adiabatic  limit, 
gives  intensity  only  in  the  lowest  state  of  each  symmetry,  1  and  3, 
since  the  system  is  able  to  relax  before  escape  of  the  photoelectron. 
UPS  spectra  reflect  the  case  somewhere  between  these  limits. 

The  valence  band  features.  Examination  of  the  UPS  data  in  Figure 
lb  shows  two  features  at  3  and  5.5  eV  for  CuO  (15,16)  and  three  for 
the  superconductors  (17)  at  2.5,  4.2,  and  5  eV,  which  obviously  result 
from  the  hybridized  states  1-3.  Photon  energy  dependent  data  in 
Figure  1  shows  that  the  features  around  5.5  eV  in  CuO  and  2.5  and  5 
eV  in  123  arise  more  from  and  the  feature  at  3  in  CuO  and  4.2  eV 
in  123  from  o«  (17-22).  In  CuO,  we  assign  the  5.5-eV  feature  to  pp*. 
and  pp’  and  the  3-eV  to  dp.  In  123,  we  assign  the  5-eV  to  pp**, 


(la) 

(lb) 
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BINDING  ENERGY  (eV) 


Figure  la.  Comparison  of  photoelectron  spectra  In  the  range  Il¬ 
ls  eV  for  123  .  Data  from  refs.  17  (hv  =  100  and  40)  and  24  (hv 
=  1487). 

lb.  Comparison  of  UPS  spectra  for  CuO  and  123  taken  with  the 
indicated  photon  energies  in  eV.  Data  for  CuO  from  refs.  23  (hv  - 
1487),  15  (hv  =  74)  and  16  (hv  =  21).  Data  for  123  from  ref.  17 
(hv  z  25  and  74)  and  24  (hv  =  1487). 

(Reproduced  from  Ref.  1,  Not  subject  to  copyright.) 
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the  4.2  to  dp  and  the  2.S  to  pp*,  where  we  Indicate  the  dominant 
character  of  each  hybridised  state.  Calculated  photoemiaeion 
intensities  and  their  variation  with  A  further  confirm  these 
assignments  (1). 

The  character  switch  of  state  1  from  mostly  dp  to  pp*  and  vice 
versa  for  state  2  between  CuO  and  123  arises  because  A  decreases 
from  1  eV  in  CuO  to  0  eV  in  123.  The  reduction  In  A,  due  to 
reduction  in  t,  or  Um  Is  consistent  with  the  Cu  2p  XPS  data  and 
with  the  XBS  data  to  be  discussed  below;  the  latter  very  dramatically 
reveals  this  character  switch.  States  1  and  2  remain  a  few  eV  apart 
in  spite  of  this  switch  because  of  the  heavy  Cl  mixing.  Since  state  1 
is  primarily  of  pp*  character  in  the  HTSC's,  the  additional  "charge 
carrier  holes”  (present  in  the  La  after  Sr  doping  and  in  the  123 
when  7-x  is  greater  than  6.5)  are  primarily  on  the  oxygens.  We  use 
this  "pp*H  state  as  the  ground  state  for  those  CuO*  clusters 
containing  two  holes. 

Angle  resolved  PBS  data  on  single  crystals  of  123  show  that 
the  2.5  eV  feature  is  the  only  one  which  shows  significant  angular 
dispersion  and  a  photon  energy  dependence  (17).  Its  angular 
dispersion  of  0.25-0.3  eV  is  much  ssialler  than  the  2  eV  expected  from 
band  calculations  (14).  The  near  lack  of  dispersion  is  consistent  with 
our  highly  correlated  cluster  model.  The  small  dispersion  of  the  2.5 
eV  feature  probably  comes  from  inter-CuO«  cluster  interaction,  which 
is  expected  to  be  the  largest  when  both  holes  are  on  the  bordering  O 
atoms.  The  region  within  1  eV  of  Br  is  free  of  photoyield  for  hv  : 
30  eV,  but  has  a  substantial  yield  for  hv  =  18  eV;  indeed  it  stretches 
up  to  Er  for  off  normal  emission  (17).  These  lower  energy  states 
reflect  the  average  v*  ground  state,  since  only  a  small  fraction  of 
the  CuO*  clusters  have  two  holes  in  the  ground  state.  Thus  we  use 
2c j-6  as  the  energy  of  the  pp*  ground  state  relative  to  E», 
where  0  represents  the  2  eV  energy  shift  between  the  principal  pp* 
UPS  final  state  at  2.5  eV  and  the  lowest  pp*  states  around  0.5  eV 
from  the  Fermi  level. 

The  d*  satellite.  The  principal  multiplet  of  the  d*  final  state  for  CuO 
is  known  to  fall  at  12.5  with  a  smaller  one  around  10  eV  (15).  The 
intensity  of  the  d*  final  state  can  be  enhanced  by  the  Cu  2p  ■*  3d 
resonant  excitation  process  followed  by  an  Auger  decay  (15).  This 
process  is  reeonant  between  72-80  eV.  The  HTSC's  exhibit  a  similar 
behavior  (18).  The  satellites  in  CuiO  and  Cu  do  not  have  non¬ 
resonant  components  (15)  because  the  UPS  for  CutO  and  Cu  reflect 
the  one-hole  DOS.  However,  the  VB  XPS  of  CuO  and  the  HTSC’s  can 
and  do  show  a  significant  nonresonant  d*  satellite  (see  Figure  1) 
(23);  indeed,  it  should  grow  as  one  approaches  the  sudden  limit. 
This  possibility  makes  it  even  more  difficult  to  interpret  the  XPS 
data  for  the  HTSC's,  since  the  d*  satellite  at  12.5  in  the  VB  XPS  falls 
at  or  near  the  same  energy  as  the  Ba  spin-orbit  split  5p  features, 
which  have  been  very  controversial. 

For  the  XPS  (Figure  la),  Miller  et  al  (24)  have  indicated  that 
the  12.5  eV  feature  results  from  the  Ba  representative  of  the  bulk, 
and  the  14  and  16  eV  features  result  from  Ba  bonded  to  OH*  and 
COr  on  the  surface.  Steiner  et  al  (25)  indicate  that  the  12.5  eV 
feature  is  representative  of  those  Ba  atoms  surrounded  by  O  atoms, 
but  that  the  14  and  16  eV  features  arise  from  those  Ba  atoms  with 
either  neighboring  0  defects  or  0  atoms  with  holes  (i.e.  O*  instead  of 
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O*').  Recent  data  (17)  on  single  crystals  cleaved  in-eitu,  when 
impuritiea  are  not  expected,  reveal  the  14  and  16  eV  features  at 
glancing  emission  (i.e.  representative  of  the  surface),  and  two 
additional  features  shifted  up  by  about  1  eV  at  normal  emission  (i.e. 
more  representative  of  the  bulk).  This  shift  has  been  interpreted  as 
a  surface  chemical  shifti  but  it  is  actually  consistent  with  the  Steiner 
data  and  interpretation!  if  one  assumes  more  0  defects  exist  at  the 
surface.  Recently  Weaver  et  al  (26)  reported  XPS  data  for  sintered 
123,  which  actually  reveal  only  the  features  at  12.5  and  14  eV.  This 
indicates  either  that  their  surface  is  free  of  impurities  or  that  the 
bulk  and  surface  is  totally  oxidised  (i.e.  within  the  Miller  or  Steiner 
interpretations).  More  experimental  data  is  required  here  to  conclu¬ 
sively  decide  on  these  two  alternatives  and  to  determine  what  part  if 
any  of  the  12.S  eV  feature  results  from  the  d*  satellite.  In  our 
opinion,  the  Steiner  interpretation  appears  the  more  plaueible  at  this 
time. 

The  pp%  feature.  The  ppS  state  is  believed  to  be  responsible  for 
the  "mystery**  peak  found  at  9.5  eV  in  the  UPS.  Although  some 
earlier  reports  suggested  that  this  feature  might  result  from 
impuritiea  such  as  carbon  on  the  surface  (27),  more  recent  single 
crystal  data  (17)  as  well  as  sintered  powder  data  (22)  (Figure  lb) 
indicate  that  it  is  intrinsic  to  the  material  .  Comparison  of  the  UPS 
(15,16)  in  Figure  1  for  photon  energies  of  74  and  21  eV  indicates  that 
such  a  feature  also  appears  for  CuO.  Thus  this  feature  is  not 
unique  to  the  HTSC’s.  It  does  not  appear  for  CuaO,  as  expected 
since  UPS  reflects  the  one-hole  DOS  in  CuiO. 

UPS  data  indicate  that  the  9.5  eV  feature  has  a  croaa-sectional 
dependence  similar  to  <r,  (19-22),  consistent  with  the  pp»  identifica¬ 
tion.  This  feature  cannot  arise  from  the  p*  final  state  because  U»  is 
around  12-13  eV,  much  too  large  to  cause  a  feature  at  9.5  eV.  An 
upper  estimate  of  the  two-center  pp»  hole-hole  repulsion,  U»»»,  can 
be  obtained  from  the  Klopman  approximation  (28), 

UU  =  eV(ru*  ♦  (2e*/(Ui  ♦  U>))»)‘'»  (2) 

where  ru  is  the  interatomic  distance  and  Ui  and  Uj  are  the  corre¬ 
sponding  intra-atomic  repulsion  energies.  Equation  2  gives  a  value 
for  U**»  around  4.8  eV,  assuming  the  0-0  distance  is  2.7  A*.  The 
experimental  energies  of  9.5  and  5.0  eV  for  ppS  and  pp»,  in  123 
suggests  that  the  average  pp*  final  state  energy  is  7.2  eV.  This 
given  an  empirical  estimate  for  U„*  of  4.2  eV,  close  to  the  Klopman 
theoretical  result,  which  does  not  include  the  effects  of  interatomic 
screening. 

The  above  result  shows  that  metallic  screening  of  two  holes, 
which  are  spatially  separated  on  neighboring  O  atoms,  is  not  very 
significant.  This  is  in  contrast  to  two  Cu-O  holes,  where  Table  1 
indicates  the  optimal  U«*  =  1  eV,  while  eq.  2  estimates  U«»  at  6.1  eV, 
assuming  an  average  Cu-0  distance  of  1.9  A*.  This  large  reduction 
in  probably  results  from  charge  transfer  into  the  Cu  4sp  levels 

to  screen  the  Cu-O  holes.  Although  metallic  screening,  which  results 
from  virtual  electron-hole  (e-p)  pair  excitations  at  the  Fermi  level,  is 
not  expected  to  be  large  in  an  insulator  such  as  CuO,  screening 
effects  are  expected  to  be  much  larger  in  metals,  such  as  the  HTSC’s. 
The  above  results  show  that  U«*  is  significantly  reduced  in  both, 
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and  U»r*  remain*  large  in  both.  The  lack  of  a  significant  change  in 
the  U's  between  CuO  and  the  HTSC'a  indicates  that  the  DOS  at  the 
Fermi  level  in  the  HTSC’s  must  be  very  small. 

The  assignment  of  the  9.5  eV  feature  explains  some  of  its  inter¬ 
esting  characteristics.  Comparison  of  data  (19)  for  YBa*Cu»Oi  (123») 
-with  0  levels  at  x  =  6.95,  6.5,  and  6.05  reveal  that  the  reduced  0 
materials,  123*4  and  123***,  have  two  peaks  around  9.4  and  11.5  eV. 
It  is  known  that  the  oxygen  decrease  resulting  from  quenching  or 
heating  in  vacuum  occurs  primarily  from  the  CuO«  chains  (29).  This 
may  leave  distorted  CuO*  or  even  peroxide  0»-  clusters  (11-13)  which 
have  an  0-0  distance  less  than  that  in  the  ordered  CuO*  groups,  and 
hence  a  larger  U»»*.  A  UM»  of  6.5  eV  requires  an  0-0  distance  of 
less  than  2  A*.  Very  recent  data  (30)  on  the  new  Bi  and  Th  type 
HTSC's  indicate  a  single  feature  at  around  10  eV,  consistent  with  the 
123  material. 

The  p1 _ feature.  Bvidence  for  the  existence  of  the  p1  feature, 

estimated  to  appear  at  17.5  eV  can  indeed  be  found  around  17  eV  in 
the  XPS  for  CuO  in  Figure  1.  In  the  HTSC'a,  the  Ba  5d  peaks  fall  in 
this  region,  making  it  more  difficult  to  identify  the  d*  feature. 
Nevertheless,  recent  UPS  data  on  single  crystal  123  materials  may 
reveal  the  p*  feature  (17).  Figure  1  shows  UPS  at  hv  =  100  and  40 
eV.  An  interesting  change  in  the  relative  intensity  of  these  two 
peaks  is  found,  when  normally  one  would  expect  the  relative  intensity 
of  the  5pi/i  and  5p,/i  peaks  to  remain  constant  with  photon  energy. 
But,  the  40  eV  spectrum  should  have  a  larger  tr,  contribution.  This 
suggests  that  the  hv  =  40  eV  spectrum  stay  have  a  contribution  from 
the  p*  state,  such  as  that  indicated  in  Figure  1. 

The  Cu  2p  and  0  la  XPS  Data. 

The  Cu  2p  XPS.  The  Cu  2p  and  0  Is  XPS  data  for  CuO  and  the  123 
or  La  materials  are  shown  in  Figure  2  (31,32).  The  primary  and 
satellite  features  in  the  Cu  spectrum  are  known  to  arise  from  the  cp 
and  cd  states,  respectively  (8),  having  the  energies  given  in  Table  1. 
The  relative  satellite  intensity,  I*/la  decreases  from  0.55  in  CuO  to 
0.37  in  123  as  determined  from  the  experimental  data  (33).  The 
energy  separation,  E*m  -  Ba  increases  from  8.7  eV  in  CuO  to  9.2  in 
123  (33).  These  changes  are  Just  that  expected  for  a  decrease  in  c, 
and  a  possible  increase  in  ti.  These  changes  reflect  an  increased 
covalency  in  123. 

In  the  sudden  approximation,  the  satellite  intensity  increases 
with  change  in  the  hybridisation  between  the  v  and  cv  states.  In 
the  ground  v  state,  the  hole  is  primarily  in  the  d  orbital,  in  the 
primary  cv  state  it  is  mostly  in  the  p  orbital.  However,  some 
hybridization  still  occurs  among  the  cv  states,  since  the  large  width 
of  the  primary  cp  peak  is  believed  to  arise  from  the  mixing  with  the 
cd  state.  The  cd  state  has  a  large  width  due  to  the  large  core-hole, 
valence-hole  interaction,  indeed,  the  satellite  actually  reveals  the  cd 
multiple!  structure.  Bvidence  that  the  primary  cp  peak  width  arises 
from  the  cd  interaction  comes  from  the  Cu  halide  data  (8),  as  well  as 
the  different  Cu  oxide  data  in  Fig.  2a,  which  show  a  direct  correla¬ 
tion  of  the  primary  cp  peak  width  with  the  satellite  cd  peak 
intensity.  We  do  not  believe  that  the  primary  peak  width  arises  from 
the  O  p  band  width  as  proposed  by  others  (34). 
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Figure  2a.  Cu  2p  XPS  data  for  123  at  the  temperatures  350, 
230K,  and  180K  and  denoted  by  Ti,  Tj,  and  T>  in  the  Figure  (from 
Ref.  32)  and  for  NaCuOt,  CuO,  and  CuiO,  which  reflect  the  cv»  (n 
=  2,1,  and  0)  DOS  (from  Ref. 35).  The  energy  shift  seen  between 
123  and  CuO  is  not  real,  since  data  taken  by  the  same  authors 
indicate  that  they  agree  to  within  0.5  eV  (35). 

2b.  O  Is  XPS  data  from  a  single  crystal  La  sample  at  the 
indicated  temperatures  (from  Ref.  31). 

2c.  Cu  LtiVV  APS  difference  Bpectra  (N(T)-N(300K))  for  123  at  the 
indicated  temperatures  (from  Ref.  52). 

(Reproduced  from  Ref.  1,  Not  subject  to  copyright.) 
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Figure  2a  also  contains  the  Cu  2p  XPS  spectra  for  CuiO,  CuO, 
NaCuOj  (35).  These  materials  have  the  formal  Cu  valence  of  4-1,  42, 
and  43,  but  in  the  current  picture  they  reflect  the  cv«  DOS,  with 
n=0,  1,  and  2.  CutO  has  Just  a  core  hole  c,  with  an  energy  of  ce, 
and  a  negligible  satellite.  The  primary  cp  feature  for  CuO  has  its 
energy  shifted  by  A  4a  relative  to  ce,  and  the  cpp*  feature  for 
NaCuOi  by  4|4B  (Table  1),  which  is  consistent  with  Fig.  2a.  The 
spectrum  in  Fig.  2a  for  NaCuOi  also  reveals  several  other  cv* 
features  at  energies  consistent  with  Table  1.  Identification  of  the 
cpp*a  and  cppS  states  as  contributing  to  the  features  around  5  and 
9  eV  relative  to  .c<  is  tentative.  This  is  because  the  pp*  configura¬ 
tions  do  not  mix  significantly  with  the  pp*  configuration  in  the  v* 
ground  state  (they  have  different  symmetry),  and  hence  they  should 
contribute  very  little  intensity.  The  cdp  satellite  feature  has  a  lower 
intensity  in  NaCuOi,  because  the  change  in  hybridization  between  the 
initial  v*  and  final  cv*  states  is  not  as  large  as  for  the  v  and  cv 
states  in  CuO  and  the  HTSC's  as  described  above.  The  change  in 
hybridization  is  small  in  NaCuOi  because  the  pp*  and  cpp*  configu¬ 
rations  have  the  lowest  energy  in  both  cases. 

Finally,  we  note  that  no  evidence  exist  for  the  cd*  feature, 
even  in  NaCuO t,  so  that  Cu**  does  not  exist  in  either  NaCuOi  or  in 
the  HTSC’s.  Nevertheless,  evidence  for  the  presence  of  the  cpp* 
feature  does  appear  in  the  spectra  for  123,  aa  shown  in  Fig.  2a.  The 
magnitude  of  the  cpp*  feature  varies  with  the  quenching  temperature 
utilized  during  the  processing  of  the  samples  (36,37).  It  has  also 
been  shown  that  the  intensity  of  this  feature  correlates  with  Te;  but, 
the  samples  are  still  superconducting  at  lower  Te,  even  though  this 
feature  appears  to  be  absent  (36,37).  At  still  higher  quenching 
temperatures  the  material  becomes  a  semiconductor,  and  the  c  feature 
appears,  indicating  the  presence  of  Cu*1  (36). 

The  O  Is  XPS.  The  0  Is  spectra  have  been  reported  by  many 
authors;  however,  it  is  seriously  altered  by  impurities  such  as  OH- 
and  COi*  on  the  surface  (38-40).  Recent  data  (31)  from  single 
crystal  samples  of  the  La  material  cleaved  in-situ  are  expected  to  be 
reasonably  free  of  impurity  effects.  The  cp*  and  cp*  states  listed  in 
Table  1  are  believed  to  account  for  the  tailing  off  of  the  spectra  for 
the  O  1b  XPS  as  seen  in  Figure  2  (this  will  be  positively  identified 
upon  examination  of  the  XES  data).  This  tailing  off  is  much  smaller 
in  undoped  La  samples  indicating  that  the  v*  -*  cv*  transitions  also 
contribute  in  thiB  region  similar  to  that  found  in  the  Cu  2p  XPS. 
Consistent  with  the  sudden  approximation,  the  cp  state  is  not  seen  in 
the  O  Is  XPS  because  now  both  the  ground  v  and  core  hole  cv  states 
have  similar  hybridization,  i.e.  the  valence  hole  is  mostly  in  the  d 
orbital  in  both  cases. 

The  Cu  LuW,  LtiMtiV,  and  O  KW  Auger  data. 

The  Cu  LtjVV  and  LiaMaiV  Auger  data  (9,33,41-43)  reflect  the  v*  and 
cv*  DOS,  respectively,  and  therefore  provide  further  information  on 
the  Hubbard  parameters.  The  La  and  La  features  and  associated 
satellites  are  identified  in  Fig.  3.  Table  1  indicates  that  the  energies 
of  these  features  are  predicted  accurately  by  the  U  and  c  parameters 
established  above.  We  need  only  discuss  the  relative  intensities. 
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Figure  3.  Comparison  of  Auger  data  for  the  materials  indicated. 
LjjVV  data  for  CuO  and  123  from  ref.  49.  LuMnV  data  for  CuO 
from  ref.  42  and  for  123  from  Ref.  2.  The  LijVV  data  is  on  a  2- 
hole  binding  energy  scale  =  Eit-Et„  and  the  LiiMijV  on  a  1-hole 
scale  -  Eu-Ek-Esit  where  Eli  =  933.4  and  Eni  =  77.3  eV  (15,16). 
(Reproduced  from  Ref.  2,  Not  subject  to  copyright.) 
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We  point  out  at  the  outset  that  the  initial  state  shake-up  (SU) 
procesB,  which  ia  responsible  for  the  Cu  2p  XPS  satellite  discussed 
above,  does  not  produce  a  satellite  in  the  Auger  lineehape,  because 
the  cd  final  states  resulting  from  this  SU  process  "relax"  to  cp 
states  before  the  Auger  decay.  This  ia  expected  because  the  SU 
excitation  energy  is  much  larger  than  the  core  level  width.  In 
contrast,  the  cdp  states  resulting  from  the  ahakeoff  (SO)  (g.a.  ♦  hv  •» 
Ljdp)  and  the  Coster-Kronig  (CK)  decay  (g.a.  ♦  hv  ■*  Lup  -*  L»dp) 
processes  cannot  dissipate  before  the  Auger  decay,  because  an  extra 
hole  is  present,  and  it  is  bound  on  the  CuO«  cluster.  Thus  the 
satellites  identified  in  both  the  LtiVV  and  LttMuV  Uneshapea  arise 
primarily  from  the  initial  state  SO  and  CK  processes. 

Comparison  of  the  intensities  of  these  satellites  reveals  a  most 
interesting  point  however.  Although  123  shows  an  increased  satellite 
in  the  LmW  relative  to  CuO,  it  ia  not  Increased  in  the  Lt<M»V. 
Tills  different  behavior  between  the  two  satellites  suggests  strongly 
that  the  increased  satellite  in  the  L»W  does  not  result  from  the 
initial  state  SO  and  CK  processes,  since  the  initial  state  is  the  same 
in  both.  Thus  it  must  arise  from  a  final  state  effect.  Within  our 
cluster  model,  a  final  state  effect  arises  naturally  from  configuration 
mixing  between  the  v*  states  listed  in  Table  1. 

Since  only  the  primary  cp  core-hole  state  Auger  decays,  and 
this  process  Is  known  to  be  strictly  intra-atomic,  the  L»VV  lineshape 
reflects  the  d*p  DOS,  as  it  is  distributed  among  the  v»  final  states. 
The  dpp*  state  does  not  mix  with  d*p  since  it  does  not  have  the 
same  point  group  symmetry  possessed  by  all  the  other  v*  final  states 
and  the  cv  initial  state.  The  d*p  state  at  15.5  eV  is  the  main 
feature,  and  the  dpp*  state  at  7  eV  is  what  we  have  previously 
referred  to  as  the  "two  center"  feature  (33).  The  dp*  state  falls  on 
top  of  the  satellite  feature  and  obviously  accounts  for  its  increased 
intensity  in  123.  Its  intensity  is  increased  in  123  relative  to  CuO 
because  the  energy  separation  (before  hybridization)  between  d*p 
and  dp*  has  decreased  from  3.8  eV  in  CuO  to  2.5  eV  in  123.  The 
hopping  parameter  t  may  also  be  increased  in  123,  further  increasing 
the  mixing  between  these  two  states.  We  have  indicated  this  mixing 
in  Table  1  by  adding  the  hybridization  shifts  6i  to  the  energy 
expressions  for  these  two  states. 

The  LuMiiV  lineshape  reflects  the  cdp  DOS.  The  mixing  of  the 
other  states  (cd1,  cpp*,  cpp*„  and  cpp*»;  the  latter  three  are  not 
listed  in  Table  1)  with  the  cdp  state  is  small  because  of  the  large 
energy  separations  involved.  The  cp*  state  is  close  to  cdp;  however, 
it  falls  in  between  the  *L  and  ‘L  multiplets  of  the  cdp  state. 
Although  it  may  have  some  intensity,  it  surely  does  not  contribute  to 
the  CK  +  SU  satellite  around  25  eV  in  either  CuO  or  123.  The 
exchange  splitting  (2K)  between  the  3p  and  d  holes  is  known  to  be 
very  large  (8),  so  we  include  it  explicitly  in  Table  1  to  account  for 
the  ■•*L  multiplets. 

The  0  KVV  lineshape  is  severely  altered  by  impurities  in  the 
Bintered  HTSC’s,  and  no  single  crystal  lineshape  data  have  been 
reported.  The  0  KVV  lineahapes  for  CuO  and  CuiO  have  been 
reported  (16),  and  they  have  the  primary  dp*  or  p*  features, 
respectively,  around  19  eV.  A  very  small  satellite  appears  around  7 
eV  in  CutO  which  we  attribute  to  the  pp*  state.  A  much  larger  and 
broader  satellite  around  7  to  14  eV  in  CuO  appears,  which  we 
attribute  to  the  d*p  state  around  14  eV  as  well  as  a  smaller  amount 
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to  the  dpp*  state  around  7  aV.  Thus  the  d*p  and  dp*  states  appear 
in  both  the  Cu  LnVV  and  0  Auger  Hneshapes  for  Cu“  oxides,  except 
their  primarjr  and  satellite  roles  are  reversed. 

The  Cu  Ui  and  O  K  XJBS  data 

The  Cu  Lit  XES  data  (44,45)  ahown  In  Figure  4  dramatically  reveals 
the  switch  in  character  of  the  1  and  2  v*  states  between  CuO  and 
123.  As  in  the  Auger  process,  the  satellite  cd  initial  state  relaxes  to 
the  cp  state  before  the  decay,  and  the  x-ray  emission  process  is 
intra-atomic  in  nature.  Therefore,  the  XES  reflects  primarily  the  dp 
DOS.  In  CuO  the  XES  spectrum  peaks  at  3  eV,  in  the  123  it  falls 
around  4.2  eV,  very  near  where  we  indicated  the  dp  states  fall  in  the 
UPS  data.  The  large  intensity  in  the  CuO  XES  extending  above  the 
Fermi  level  is  believed  to  be  an  experimental  artifact  (45). 

The  0  K  XES  data  (44)  confirms  our  assignment  of  the  O  XPS. 
The  principal  XPS  peak  arises  from  the  cd  state,  and  it  decays  to  the 
dp  state.  Therefore  the  principal  O  XBS  peak  aligns  with  the  Cu  XES 
and  the  dp  feature  in  the  UPS.  The  cp*  state  does  not  mix  with  the 
primary  cd  state;  therefore,  it  does  not  relax  before  the  decay,  but 
decays  directly  to  the  pp*b  (and  perhaps  a  little  also  to  the  pp*») 
state.  This  accounts  for  the  feature  around  6.5  eV  in  the  XES,  just 
3  eV  above  the  pp**  feature  in  the  UPS.  The  shift  of  3  eV  matches 
the  energy  difference  between  the  cp*  and  cd  core  hole  states.  The 
cp*  state  does  mix  with  the  cd  state,  therefore  it  can  relax  to  the  cd 
state,  but  it  does  this  slowly  because  of  the  small  excitation  energy 
of  0.5  eV.  Therefore,  the  cp*  state  decays  either  directly  to  the  pp* 
state,  or  relaxes  to  the  cd  state,  which  then  decays  to  the  dp  state. 
This  explains  the  photon  energy  dependence  seen  in  the  data.  At 
high  photon  energy,  the  sudden  approximation  is  more  valid,  creating 
a  larger  intensity  for  the  cp*  state,  and  consequently  a  larger  pp* 
contribution  around  2.5  eV  in  the  XES. 

The  Cu  Lu  and  O  K  EELS  and  XANBS  Data 

The  EELS  and  XANES  data  in  Figure  4  (46-48)  reflect  the  contribu¬ 
tions  from  three  possible  transitions;  the  dominant  d  -*  c  contribution 
nearest  the  Fermi  level,  the  pp*  -*  cv  (v  r  d  or  p)  contribution 
resulting  from  the  carrier  hole  states,  as  well  as  the  cvCB 
contribution  well  above  the  Fermi  level  (47).  Here  CB  represents  an 
electron  present  in  the  higher  Cu  4sp  or  O  3p  "conduction  band". 
The  latter  two  contributions  are  not  always  resolved,  and  sometimes 
have  been  confused  in  the  literature  (46-48).  Although  very  similar, 
the  EELS  data  appear  to  have  lower  resolution  than  the  recent  XANES 
data  (48),  and  the  EELS  data  may  emphasize  the  cvCB  contributions, 
perhaps  because  of  a  slight  breakdown  in  the  dipole  approximation. 

The  CB  DOS  muBt  reflect  the  presence  of  a  core  hole  as 
dictated  by  the  final  state  rule  (49).  The  large  peak  at  -1.7  eV  in 
the  O  K  for  CuO  and  around  -1.2  eV  in  the  Cu  Lt>  in  Figure  4  is 
believed  to  arise  from  these  cdCB  and  cpCB  states,  respectively  (47). 
Note  that  an  Ei*-Ei  excitation  energy  in  Table  1  corresponds  to  a 
feature  at  Ei  (binding  energy)  in  Fig.  4.  The  cdCB  state  in  CuO  is 
excitonic-like  as  the  0  3p  DOS  drops  into  the  2  eV  gap  because  of 
the  core  hole.  CutO  is  a  filled  band  in  the  ground  state,  so  only  a 
cCB  feature  appears  around  -1.  eV.  This  feature  in  CutO  has  helped 
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Figure  4a.  Comparison  of  O  K  XES  data  for  123  taken  at  the 
indicated  photon  excitation  energies  (from  Ref. 44).  Also, 
comparison  of  0  K  EELS  data  for  CuO  and  La  at  the  indicated  Sr 
dopant  leveta  (from  Ref.  46) 

4b.  Comparison  of  Cu  Lu  XES  data  for  123  (Ref.  44)  and  CuO 
(Ref.  45),  of  EELS  data  for  CuO  and  La  at  the  indicated  Sr  dopant 
levels  (Ref.  >46),  and  of  XANES  data  for  123  and  NaCuOi  (Ref.  48). 
4c.  UPS  (hv  r  74  eV  from  Ref.  17)  and  IPES  data  (hv  =  18  eV 
from  Ref.  14)  for  123. 

(Reproduced  from  Ref.  2,  Not  subject  to  copyright.) 
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to  identify  the  similar  features  in  CuO  and  the  HTSC's.  The  doped 
La  material,  which  ia  metallic,  does  not  exhibit  the  excitonic  feature, 
but  a  cdCB  contribution  ia  still  believed  to  be  present  around  the 
same  energy  in  the  O  K  EELS  (2). 

The  dominant  d  -•  c  features  are  predicted  by  our  model  to  be 
excitonic-like,  i.e.  bound  by  A+a  at  the  Cu  Lit  and  by  a  at  the  O  K 
levels.  For  La  this  is  predicted  to  be  1  eV  in  both  cases,  however 
the  data  in  Fig.  4  indicates  that  this  is  near  zero  at  the  O  K. 
Nevertheless,  our  model  predicts  that  the  c  states  at  the  Cu  Lit  level 
should  have  a  larger  binding  energy  for  CuO  than  for  La  (l.S  vs.  1 
eV),  and  should  be  larger  at  the  Cu  Ln  level  than  at  the  O  K  level 
for  CuO  (1.5  vs.  0.5  eV).  Both  of  these  trende  are  consistent  with 
experiment. 

The  difference  in  the  intensities  of  the  d  -*  c  features  for  CuO 
and  La  can  be  understood  by  invoking  the  initial  state  rule  (50). 
Since  the  c  state  has  no  valence  holes,  the  edge  features  in  the 
EELS  data  reflect  the  initial  DOS  as  dictated  by  the  Initial  state  rule. 
We  have  previously  proposed  initial  and  final  state  rules  which  are 
appropriate  for  the  nearly  filled  and  empty  band  cases  respectively 
(50).  Here,  the  valence  band  is  nearly  filled  while  the  conduction 
band  is  nearly  empty;  hence  the  c  states  reflect  the  initial  v  DOS, 
the  cvCB  reflect  the  final  CB  DOS.  Thus  the  edge  features  in  the 
EELS  or  XANES  reflect  directly  the  unfilled  ground  DOS,  just  as  the 
inverse  PES  (IPES)  data  does  in  Figure  4c. 

The  change  in  intensities  of  the  edge  features  between  CuO 
and  the  undoped  La  material  arises  because  of  the  smaller  A  in  La. 
A  decrease  in  A  from  1  eV  for  CuO  to  significantly  less  than  one  for 
La  means  a  larger  probability  for  holes  on  the  oxygenB  in  the  ground 
state  of  La  (see  eq.  1).  This  dictates  an  increase  in  the  O  K,  and 
decrease  in  the  Cu  Lti  d  -*  c  features  compared  with  CuO,  in 
agreement  with  experiment. 

The  pp»  -*  cp  contribution  has  been  resolved  as  a  separate 
feature  in  the  recent  high  resolution  Cu  Ln  XANES  data  of  Sarma  et 
al  (48),  as  shown  in  Fig.  4.  As  expected  this  feature  dominates  for 
NaCuOi  consistent  with  the  Cu  Ln  XPS  data.  The  separation  of  the 
d  -  p  and  pp*  -»  cp  features  is  found  to  be  less  than  1  eV  in  La  and 
has  relative  intensities  of  around  cp/c  =  0.6  (48).  ThiB  explains  why 
it  iB  not  seen  in  the  lower  resolution  EELS  data  in  Fig.  4.  For  123, 
the  separation  is  1.4  eV  and  cp/c  iB  around  0.9  (48).  The  smaller 
energy  separation  in  La  compared  with  123  is  consistent  with  our 
theoretical  model  which  predicts  the  separation  to  be  -A+Ai-Ai+e  =  - 
A+0.5  eV.  As  A  decreases  from  La  to  123,  the  separation  should  get 
bigger.  The  pp*  -*  cv  contribution  should  increase  at  both  core 
levels  with  doping  level  in  La;  however,  it  should  increase  much 
faster  at  the  Cu  Ln  level  since  state  1)  has  more  pp*  character  than 
dp.  This  is  consistent  with  the  EELS  data,  where  the  c  and  cp 
contributions  are  seen  as  one  feature. 

Temperature  effects 

Figure  2  summarizes  the  temperature  effects  which  have  been  seen  in 
the  spectroscopic  data  for  the  high  Tc  materials  (51-55).  This  data 
has  been  somewhat  controversial,  because  it  is  not  seen  by  all 
investigators.  Nevertheless,  it  has  been  seen  by  several  groups  who 
have  Bhown  that  it  does  not  arise  from  increased  impurities  on  the 
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surface  at  tower  temperatures;  e.g.  these  effects  do  not  appear  for 
the  tetragonal  123  material)  a  non-HTSC,  while  they  do  appear  for  the 
orthorhombic  123  (54)  which  is  a  HTSC.  Recent  single  crystal  data 
(17j31)  do  not  appear  to  exhibit  similar  effects,  but  they  may  yet  be 
found  since  single  crystals  have  not  been  thoroughly  studied.  If 
they  indeed  do  not  appear  in  the  single  crystal  data,  one  might 
conclude  that  the  grain  boundaries  in  the  sintered  polycryetalline 
materials  are  somehow  involved. 

All  of  the  temperature  effects  can  be  attributed  to  a  single 
phenomenon,  namely  a  decrease  in  c»  due  to  increased  metallic 
screening  (2)  or  long  range  polarization,  which  reduces  U»*.  Thus 
the  changes  seen  upon  going  from  CuO  to  123  simply  continue  upon 
lowering  the  temperature  (2).  This  is  consistent  with  the  decrease  in 
the  main  cp  peak  energy  in  the  Cu  2p  XPS,  while  the  cd  satellite 
remaina  unshifted  (Figure  2a).  The  larger  energy  separation  between 
the  cd  and  cp  states  decreases  the  mixing  which  causes  the  satellite 
to  decrease  in  intensity  and  the  stain  peak  to  get  narrower.  Note 
that  the  primary  cd  peak  does  not  shift  in  the  O  Is  XPS  (Figure  2b), 
but  a  slight  shift  to  lower  energy  is  seen  in  the  cp*  and  cp*  contri¬ 
butions  at  lower  temperature,  as  expected  with  a  decrease  in  t,.  It 
is  also  consistent  with  the  increase  in  the  dp*  satellite  contribution 
in  the  Cu  L*»VV  AES  as  shown  in  Figure  4c;  since  the  dp*  and  d*p 
states  become  closer  in  energy  and  hence  mix  more.  However,  no 
shift  in  the  Auger  kinetic  energy  of  the  principal  peak  is  seen,  this 
is  because  both  the  core  hole  cp  and  final  d*p  states  decrease 
together  with  c».  Finally,  the  UPS  spectra  (not  shown,  see  ref.  55) 
show  a  skewing  toward  the  Fermi  level  at  lower  temperature,  as 
expected  with  a  decrease  in  c*. 

The  intensity  of  the  pp*  -*  cpp*  feature  around  937  eV  in  the 
Cu  XPS  of  Fig.  2b  appears  to  decrease  with  temperature,  although 
this  is  not  clear.  In  other  data  (5J  ,53,54),  the  breadth  of  the  main 
peak  clearly  increases,  and  we  attribute  this  to  an  increase  in  the 
pp*  -*  cpp*  contribution.  Also  note  that  the  d  -*  cp  transition 
energy  decreases  with  D,  but  the  pp*  -»  cpp*  energy  remains  fixed, 
consistent  with  experiment.  As  the  temperature  is  lowered,  the 
charge  carrier  concentration  or  density  of  pp*  states  apparently 
increases.  This  increase  is  consistent  with  the  decrease  in  c,  due  to 
increased  metallic  screening. 

Finally,  we  should  note  that  no  temperature  dependence  has 
been  seen  in  the  EELS  or  XANES  data  (46-48).  We  note  first  that  the 
energy  of  the  printary  d  -*  c  contribution  does  not  involve  A  or  e ,, 
so  no  shift  is  expected.  We  would  expect  an  increase  in  the  intensity 
of  the  pp*  -*  cp  contribution  as  well  as  a  small  energy  shift. 
Although  this  is  has  not  been  observed  (48),  it  may  be  difficult  to 
observe  because  this  small  contribution  is  barely  resolved  from  the 
main  feature.  Furthermore,  the  electron  excited  in  the  absorption 
process  can  screen  its  own  hole,  since  it  generally  remains  on  the 
same  atom,  so  the  long  range  polarization  may  be  less  important. 
Finally,  the  EELS  and  XANES  data  is  more  reflective  of  the  bulk  than 
the  other  spectroscopic  data,  and  perhaps  the  surface  alters  the 
screening  process. 

The  increased  metallic  like  screening  which  appears  to  occur  at 
lower  temperature  may  indeed  involve  the  grain  boundaries,  for  it 
has  been  shown  that  the  grain  boundaries  can  strongly  alter  the 
conductivity  and  its  dependence  on  temperature  in  these  supercon- 
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ducting  materials  (56).  Since  this  metallic  screening  occurs  through 
electron-hole  pair  excitations  at  the  Fermi  level,  the  extent  o*  this 
screening  is  also  expected  to  depend  strongly  on  the  DOS  a*  he 
Fermi  level.  It  should  also  depend  strongly  on  whether  the  sample  is 
above  or  below  the  bulk  T*,  however,  insufficient  data  has  b<  in 
published  to  determine  the  exact  nature  of  the  temperature  depen¬ 
dence  around  Te.  Evidence  has  been  presented  for  granular  super¬ 
conductivity  in  123  in  the  range  100  to  160  K,  with  the  islands  of 
coupled  HTSC  granules  increasing  in  alee  as  the  temperature 
decreases  (57).  This  could  possibly  contribute  to  the  changes  seen 
well  above  T«. 

Summary 

We  have  reviewed  the  spectroscopic  data  for  the  high  temperature 
superconductors,  and  compared  them  with  that  for  CuO.  We  have 
summarized  an  interpretation  of  the  data  utilizing  a  highly  correlated 
CuO.  cluster  model  and  show  that  a  single  set  of  Hubbard  parameters 
predicts  all  of  the  state  energies.  Changes  in  the  data  between  CuO 
and  the  HTSC's  arises  primarily  from  a  reduction  in  c»;  this 
reduction  continues  with  decreasing  temperature  in  the  HTSC’s  due  to 
increased  metallic  screening.  Compared  with  CuO,  the  HTSC’s  show 
an  increased  covalent  interaction  between  the  Cu-O  bonds.  The  large 
size  of  U„*  and  the  temperature  dependence  reveal  that  metallic 
screening  is  incomplete,  and  hence  that  the  DOS  at  the  Fermi  level  in 
the  HTSC’s  is  relatively  small. 
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